The ⑀͑0,0͒ (D 2 ⌺ ϩ -X 2 ⌸ r ) band of NO has been recorded by using a vacuum ultraviolet Fourier transform spectrometer from Imperial College, London, with synchrotron radiation at the Photon Factory, KEK, Japan, as a continuum light source. Analysis of the ⑀͑0,0͒ band provides accurate rotational line positions and term values as well as the photoabsorption cross sections. 
I. INTRODUCTION
In the wavelength region 175-205 nm the penetration of solar radiation into the atmosphere is controlled by the absorption cross sections of the Schumann-Runge bands of O 2 . Part of the radiation transmitted is available to photopredissociate NO, which has a number of strong bands: namely ␥ system (A 2 ⌺ ϩ -X 2 ⌸), ␤ system (B 2 ⌸ -X 2 ⌸), ␦ system (C 2 ⌸ -X 2 ⌸); and ⑀ system (D 2 ⌺ ϩ -X 2 ⌸), with very narrow lines in the region 183-195 nm. With recent advancement of new spectroscopic techniques, we thought it would be beneficial to record and analyze these NO systems with a resolution that is comparable to the Doppler width to obtain accurate line positions and, more importantly, the band oscillator strengths of these bands. Discussions of the necessity for high-resolution measurements of NO have been presented in previous papers of the series on NO bands. [1] [2] [3] [4] [5] In these papers we describe how we combined high-resolution vacuum ultraviolet ͑VUV͒ Fourier transform spectrometry ͑FTS͒ with synchrotron radiation by taking the Imperial College ͑IC͒ VUV FT spectrometer to the synchrotron radiation source at the Photon Factory, KEK, Japan, where a suitable zero-dispersion two-grating predisperser is available on beamline 12-B. ͑The predisperser is necessary to limit the bandwidth to a few nm in order to achieve acceptable signalto-noise ratios S/N.) We have used this combination of facilities to make ultrahigh resolution cross-section measurements of NO in the wavelength region 160-195 nm. The present paper in this series presents the spectroscopic analysis and the line and band oscillator strength of the ⑀͑0,0͒ (D 2 ⌺ ϩ -X 2 ⌸ r ) band of NO. The first measurements of the vacuum ultraviolet spectra of NO were made by Leifson, 6 who photographed the absorption bands of the molecules in 1926 and noticed the three groups of band systems, now known to be the ␥, ␤, and ⑀ bands. An extensive review of early experimental work on the electronic spectrum of NO is given by Miescher and Huber. 7 The ⑀ bands were thought to be a continuation of the ␥ bands. 8, 9 Ogawa 10 recognized the distinct identity of the ⑀ bands as well as the ␥ bands from discontinuities observed in the rotational constants, ⌬G values, and intensities. Herzberg et al. 11 confirmed it by observing the ␥͑4,0͒ band in the ⑀͑0,0͒ band. Rotational analyses of the ⑀(0,v) bands in emission have been done, and molecular constants of the D(0) level are available. 10, [12] [13] [14] Barrow and Miescher 15 presented rotational analyses of the absorption bands of the ⑀ system with vЈϭ0 -4 and ␥ system with vЈϭ4 -5, but failed to present the entire list of the rotational assignments. They discussed the weak interaction between the D(0) F 2 ͓the upper level of the ⑀͑0,0͒ band͔ and B (8) (vϭ0,Jϭ0.5). Recently Braun et al.
bands in emission with a high-resolution Fourier transform spectrometer in the infrared region. They combined their E→C transition with E→D, D→A, C→A, 16 and also C←X, 18 and they tabulated the term values of the A, D, E, and C states for vϭ0 -2.
The cross-section measurements of the ⑀͑0,0͒ band by Bethke 19 were performed at low resolution, 0.04 nm, in the presence of Ar. The addition of argon buffer gas ensured that the rotational lines were broadened beyond the instrumental resolution, allowing the true cross section to be presented. Cieslik 20 used low-resolution measurements of NO at pressure below 1 Torr with the curve of growth and the equivalent width to obtain the oscillator strengths of the ⑀͑0,0͒ band. A similar method was employed by Callear and Pilling 21 with added Ar. Guest and Lee 22 used a synchrotron source and resolution of 0.03 nm for the ⑀͑0,0͒ band at very low pressure of NO gas, 2ϫ10
Ϫ4 -7ϫ10 Ϫ2 Torr. Chan et al. 23 used the high-resolution dipole (e,e) technique, which is not sensitive to instrumental resolution. Luque and Crosley 24 also obtained the band oscillator strengths from the lifetime measurements after two-photon excitation.
In this paper, we report the analysis of the ⑀͑0,0͒ band around 187.6 nm by using the VUV FTS with synchrotron radiation for the background source. Because of the capability of the combination of instruments, these are the first highresolution quantitative measurements of line positions and intensities of the rotational lines of the ⑀͑0,0͒ band. The rotational term values of the D 2 ⌺ ϩ (vϭ0) levels have been evaluated and then used with a least-squares fitting program to obtain accurate molecular constants of this level. The determination of the band oscillator strengths of the band has been performed using line-by-line measurements, because the resolution of the present experiment is comparable to the Doppler widths.
II. EXPERIMENT
Details of the experimental procedures for recording high-resolution FT spectra of NO between 160 and 198 nm have been described in our earlier publications.
1,2 Only a brief description of the experimental conditions with respect to the recording of the ⑀͑0,0͒ band will be given here. An absorption cell with optical path length of 0.565 cm was used, which was filled with 0.300 Torr of NO at 295 K. The column density of NO in this experiment was 5.55 ϫ10 15 mol cm Ϫ2 . A total of 272 coadded scans were taken with a resolution of 0.06 cm Ϫ1 corresponding to an approximate integration time of 12 h. The signal-to-noise ratio in the continuum background was about 97. The resonance line of Hg I at 184.8 nm was used as the reference wave number in the previous papers. 1, 3 However, in this wavelength region we have no convenient absolute reference. From the calibration constant in the previous papers, we estimated the uncertainty in the absolute values as 0.1 cm Ϫ1 . Relative uncertainties for the strong lines are better than 0.01 cm Ϫ1 .
III. RESULTS AND DISCUSSION
The transmission spectra were converted to optical depth by taking the logarithms of the intensity and fitting a smooth continuum to the regions between the lines. The absorption lines were fitted to Voigt profiles using the spectral reduction routine GREMLIN. 25 Line parameters such as line position, linewidth, and integrated intensity of individual lines were determined through a nonlinear least-squares iterative procedure. The Voigt profile for the NO lines should be a convolution of Gaussian due to the Doppler broadening and a Lorentzian arising from predissociation. In this case the Gaussian component of the best-fit Voigt function had a full width at half maximum ͑FWHM͒ of 0.175 cm Ϫ1 which is significantly larger than the value of 0.12 cm Ϫ1 expected for the Doppler width in our experimental conditions. This anomalous Gaussian width is considered to be due to drifts in alignment causing very small wave number shifts over the long observation periods.
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A. Line positions and molecular constants
The absorption spectrum of NO in the wavelength region 186.7-188.2 nm consists of the ␥͑4,0͒, ␤͑8,0͒, and ⑀͑0,0͒ bands. The strong ⑀͑0,0͒ band dominated the observed spectral region and the ␥͑4,0͒ and ␤͑8,0͒ bands are weak. The ⑀͑0,0͒ band is shown in Fig. 1͑A͒ , and a portion of the spectrum is expanded in Fig. 1͑B͒ to show Table I , where partly resolved complexes and entirely blended lines are labeled with b and B, respectively. As stated in Sec. II, the uncertainty in the absolute wave number is 0.1 cm Ϫ1 , while for the strongest lines the relative uncertainty is 0.01 cm Ϫ1 . Differences in the measured line positions between our present results and the unpublished data of Miescher 27 are plotted in Fig. 2 . The average shift of ϩ0.029Ϯ0.079 cm Ϫ1 is entirely consistent with the claimed uncertainties of Miescher's measurements of 0.1 cm Ϫ1 . In addition, about 20 lines belonging to the ␤͑8,0͒ band were also identified in regions between transition lines of the ⑀͑0,0͒ band. However, these ␤͑8,0͒ band lines are very weak and were not included for further processing.
The 28 by using high-resolution FT infrared spectroscopy were used, for which the ⍀ϭ1/2, Jϭ0.5, and e level was taken as the relative zero. The upper-state term values obtained from various branches were averaged, and the results are listed in Table II Differences between ours and their values are included in Table II , and also plotted in Fig. 3 , where open circles and triangles are presented for F 1e and F 2 f , respectively. The averaged difference for F 1e levels is 0.083Ϯ0.013 cm Ϫ1 , and the difference of the first 14 levels of F 2 f is 0.120 Ϯ0.010 cm Ϫ1 . The average shifts are presented as dashed lines in Fig. 3 . The higher J levels of F 2 f are shifted away from the average. It is not at all clear at this point as to what was the reason for the discrepancy. The weak perturbation 
where T 0 is the band origin and B and D are the rotational parameters. Our determined molecular constants and those from earlier workers are listed in Table III . The rms error of our fit was 0.013 cm Ϫ1 . The agreement with earlier work is excellent, but we believe our uncertainties to be smaller because of the high resolution and wave number accuracy of the observations.
B. Integrated cross sections and oscillator strengths
The fitting procedure employed under GREMLIN ͑Ref. 25͒ also evaluates integrated areas for the lines fitted. These are unaffected by the anomalous widths of the lines, provided that the residuals of the fit are comparable with the noise levels in the observed spectrum. This was found to be the case when the Gaussian contribution of the Voigt profile was held constant at 0.175 cm Ϫ1 . The integrated cross sections derived from the areas and the total integrated cross sections of NO are given in Table IV . The integrated cross sections of blended lines have been separated by using branching ratios observed for other transitions together with the Boltzmann population distribution. The values listed in Table IV can be divided by the fractional populations of the rotational levels to obtain values proportional to the line oscillator strengths.
The uncertainties in the integrated cross sections arise from noise and the errors in the measurement of path length and pressure. The relative importance of these components in the uncertainty can be evaluated by making measurements at different sample gas pressures and path lengths, as was done for a band previously analyzed. 2 These measurements showed that noise made the dominant contribution to the uncertainty and that, because photon noise is evenly distributed throughout an FT spectrum, the typical uncertainty for a single point in a cross section was Ϯ2.7ϫ10
Ϫ18 cm 2 for all points on the linear portion of the curve of growth. For the unblended strong lines of integrated cross sections 2.3 ϫ10 Ϫ17 cm 2 cm Ϫ1 , the uncertainty due to noise is estimated to be 3%-4%. For the weaker lines 1ϫ10 Ϫ17 cm 2 cm Ϫ1 , the uncertainty is about 10%. The large uncertainties of weaker lines would not significantly affect the integrated cross sections of the band, because the strong lines determine the integrated cross sections predominantly. The total integrated cross section for the band is estimated to be about 5%.
The band oscillator strength of a (vЈ,vЉ) band is given by 
in which Ñ (vЉ) is the fractional Boltzmann population of the absorbing vibrational level-in this case, since vЉϭ0, this quantity is unity-and the integration of the cross section ͑͒ is performed over all of the rotational lines belonging to the ⑀͑0,0͒ band. The total integrated cross sections of observed lines for each branch are presented in Table IV as ''Total.'' Observations of the rotational lines are mostly limited to Jр22.5. The effects from higher-J lines cannot be ignored. The contribution of the higher-J lines was obtained by extending the total integrated cross section of the lines up to Jϭ36.5 as expected from the Boltzmann distribution. Figure 4 is a plot of the total integrated cross sections of the P 11 branch of the ⑀͑0,0͒ band versus J. The solid curve in the figure was obtained by fitting those experimental points and the extended contribution was estimated by extrapolating the curve to Jϭ36.5. The results of the extended contribution are also listed in Table IV as ''Extended.'' The band oscillator strength determined for the ⑀͑0,0͒ band and other bands measured earlier are given in Table V , where numbers in bold are values for the single band. The uncertainty in our measured band oscillator strength is estimated to be about 5%, which includes uncertainties from line intensity measurements and extrapolation. Our value of the ⑀͑0,0͒ band is very close to all other measurements except that of Lugue and Crosley 24 and Chan et al. 23 The ⑀͑0,0͒
band is blended with the weaker ␤͑8,0͒ and ␥͑0,0͒ bands, and ours are the only experimental measurements that allow these band oscillator strength to be treated separately. Since the ␤, ⑀, ␥, and ␦ systems of NO are overlapping in the same spectral region and the band oscillator strength of vibronic bands of these systems are interrelated, we would like to postpone our discussion of the band oscillator strength of various NO band systems in the wavelength region 160-195 nm until our analysis of bands in this region is completed. 
